Abstract We simulate and compare three phases of the Mars-solar wind interaction with the 8 March interplanetary coronal mass ejection (ICME) event using Mars Atmosphere and Volatile EvolutioN (MAVEN) mission observations in order to derive heavy ion precipitation and escape rates. The MAVEN observations provide the initial conditions for three steady state MHD model cases, which reproduce the observed features in the solar wind density, velocity, and magnetic field seen along the MAVEN orbit. Applying the MHD results to a kinetic test particle model, we simulate global precipitation and escape maps of O + during the (1) pre-ICME phase, (2) sheath phase, and (3) ejecta phase. We find that the Case 1 had the lowest precipitation and escape rates of 9.5 × 10 25 and 4.1 × 10 25 s
Introduction
On 8 March 2015 at~15:20 UT, MAVEN observed the passage of an interplanetary coronal mass ejection (ICME) at Mars that drove a significant response from Mars' atmosphere and plasma environment . ICMEs are solar transients typically lasting 1-2 days consisting of several phases that can be observed in the solar wind: the sheath, the plasma sheath, and the cloud or ejecta. Each phase is marked by different observable indicators, including enhancements of the solar wind density, velocity, dynamic pressure, and strong rotations in the interplanetary magnetic field (IMF) [Rouillard et al., 2009; Prise et al., 2015] .
The interaction of an ICME with Mars' atmosphere is markedly different than with that of Earth's due to the lack of a global dipole magnetic field [Crider et al., 2005; Futaana et al., 2006; Haider et al., 2009] . A limited number of data studies have investigated the influence of ICMEs on Mars' plasma environment due to the occurrence rate of solar events as well as observational constraints [Opgenoorth et al., 2013] . However, some of these results suggest that the response includes enhanced atmospheric ion escape [e.g., Edberg et al., 2011] .
During nominal solar wind conditions, pickup ions play a major role in atmospheric escape at weakly magnetized planets, such as Mars and Venus, so during an ICME, the response of pickup ions to such extreme conditions is a subject of great interest [e.g., Dubinin et al., 2011, and references therein] . Pickup ions are formed when the solar wind directly interacts with the upper atmosphere, and newly created ions can be picked up and swept away by the background convection electric field. They can directly escape or precipitate back into the atmosphere and induce atmospheric sputtering of neutrals. Sputtering is believed to be one of the main drivers of atmospheric escape during the early epochs of our solar system when the solar activity and EUV intensities were much higher than the present day [Luhmann et al., 1992; Leblanc and Johnson, 2002; Leblanc et al., 2015] .
In this paper, we present a modeling study of the global ion precipitation and escape based on MAVEN data during three periods of the 8 March 2015 ICME. Section 2 will discuss the observations motivating this study, Section 3 will discuss the suite of models for the study, section 4 will present results, and we summarize the conclusions in section 5.
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Measurements
For the ICME observations, we focused on the plasma and field instruments aboard MAVEN, which began its primary science mission on 16 November 2014. For the ion observations, we used The Suprathermal and Thermal Ion Composition (STATIC) [McFadden et al., 2014] and the Solar Wind Ion Analyzer (SWIA) . STATIC measures the ions' energy over a range of 0.1 eV/q-30 keV/q and mass from 1 to 70 amu/q that distinguishes the main ion species: O 2 + , CO 2 + , and O + . SWIA is an energy and angular ion spectrometer covering an energy range between 5 eV/q and 25 keV/q with 48 energy steps logarithmically spaced. Additionally, this study uses measurements from the Magnetometer (MAG) instrument, which has an intrinsic rate of 32-vector samples per second [Connerney et al., 2014] . The IMF observations are presented in a Cartesian coordinate system corresponding to the Mars Solar Orbital scheme (MSO). The system is centered at Mars where X MSO points toward the Sun, Y MSO is aligned with the dusk direction, and Z MSO completes the right-hand system.
Models and Inputs
As discussed in Jakosky et al. [2015] , the 8 March ICME has been the strongest solar event observed to date by MAVEN. At~15:20 UTC 8 March 2015, MAG observed a strong enhancement and rotation in the magnetic field, accompanied by an increase in solar wind velocity and ion fluxes that are typically associated with the arrival of an ICME. The IMF returned to its nominal value,~3 nT, roughly 48 h later. We have selected three "snapshots" or cases on 8 and 9 March that represent the solar wind and Mars space environment (1) before the ICME passage, (2) during the ICME sheath phase, and (3) during the ICME ejecta phase. 
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10.1002/2015GL065304 Figure 1 illustrates the progression of the ICME passage from 8 to 9 March using SWIA, STATIC, and MAG. Before the ICME, SWIA measured a solar wind proton density of 1.8 cm
À3
, a flow speed of 505 km/s, and IMF of 4.8 nT (Case 1), representing nominal solar wind conditions. Following the arrival of the ICME at 15:20 UTC, MAVEN observed the sheath phase with a dramatic increase in the upstream proton density to 11 cm À3 , a solar wind velocity to 825 km/s, and IMF of 7.8 nT (Case 2). During the sheath, SWIA observed an increase in the energy flux by almost 2 orders of magnitude, while STATIC observed higher fluxes of both low-and high-energy heavy ions (<100 eV and >4 keV). MAG observed strong magnetic field rotations and compressions after the onset of the 8 March ICME, as are typically associated with the sheath region produced by an ICME. Finally, during the ejecta phase (Case 3), the solar wind proton density was measured at 4.5 cm À3 and the flow speed at 780 km/s with an IMF of 20.5 nT. SWIA observed an enhancement in the solar wind protons, but less so than during the sheath phase while MAG observed much stronger magnetic field rotations than during the sheath phase. It should be noted that proton stragglers in the STATIC data were removed from~1 keV to 3 keV as they not physical or representative of the O + pickup ions.
Using the solar wind conditions during these three ICME phases as initial boundary conditions and inputs, we calculated three corresponding steady state simulations of the Mars space environment using a multispecies magnetohydrodynamic (MHD) model . The MHD model is a multispecies single-fluid model of Mars, using the University of Michigan BATS-R-US code [Powell et al., 1999; Ma et al., 2004] . , where all ion species share the same velocity and temperature. Crustal magnetic fields are included in the simulation using an Arkani-Hamed [2001] spherical harmonic scheme, positioned at dusk, night, and dawn based on the periapsis time of orbits during each case. Additionally, ion-neutral collisions and major chemical reactions are included in the simulation. It should be noted that the solar wind and IMF inputs for the MHD cases are based on the average of the selected time periods in Table 1 .
In order to validate the MHD model, we compare the MHD model results for the 8 March 2015 ICME with both the solar wind velocity and the magnetic field as measured by MAVEN, seen in Figure 2 . For additional datamodel comparisons, we refer readers to a companion study by C. Dong et al. [2015] , focusing on the multifluid MHD simulation of the same ICME event. In Case 1 (Figure 2a) , the solar wind inputs were based on the conditions from 11:20 to 11:30 (see Table 1 ). The MHD fields show the best agreement with the bulk flow as measured by SWIA (top) and magnetic field as measured by MAG (bottom) up until the onset of the ICME at~15:20. In Case 2 (Figure 2b ), the solar wind inputs were based on the conditions from 20:45 to 11:15 and the simulation results again show strong agreement during the sheath phase of the ICME, with significant enhancements of the magnetic field and solar wind velocities. Finally, the Case 3 ejecta phase based on the average solar wind conditions from 1:10 to 1:30 also show good agreement with the main ICME features, particularly as the density drops while as the high magnetic field rotations and solar wind velocities continue to propagate.
Because the MHD results capture the main features of the observed ICME, we can use the steady state solutions as the background fields and apply them to the Mars Test Particle (MTP) simulation. The MTP is a kinetic test particle simulation that follows the trajectories of particles of any atomic weight through the Mars space environment. The MTP is a collisionless 3-D Monte Carlo model that randomly assigns the particles' initial position, energy, and direction. Additional details of the model can be found in Fang et al. [2008] and Curry et al. [2013 Curry et al. [ , 2015 . The MTP simulation tracks the trajectories of the particles without any implicit averaging of the gyration or pitch angle of the particles. Consequently, a kinetic approach to modeling the ions in the Mars space environment provides an important tool for constructing global maps of the ion precipitation and escape during multiple phases of an ICME. a Case 1 corresponds to the pre-ICME conditions, Case 2 corresponds to the sheath phase, and Case 3 corresponds to the ejecta phase. From left to right: the time period in UTC, the solar wind proton density (cm À3 ), the solar wind velocity in MSO coordinates (km/s), the ion temperature (eV), the IMF field components in MSO coordinate (nT), and the O + precipitation and escape rates (s
À1
). Dates are formatted as month/day/year.
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Results
The MTP uses an inner boundary of 300 km and an outer boundary of 4 R M to represent the altitude of O + precipitation and escape, respectively. Figure 3 illustrates the MTP simulation results for O + pickup ion precipitation for each phase of the 8 March 2015 ICME, with the O + flux on the top row and the average energy per particle on the bottom row (both log scale). In Case 1 where the ICME has not yet arrived at Mars, the southern hemisphere and dawnside of Mars (~60°east,~60°south) exhibit the highest flux of O + precipitation, with other localized peaks near the 300 km equatorial region. The highest energy, in the ≥1 keV range, also corresponds to the southern hemisphere and dawnside, as would be expected for this IMF configuration (roughly corresponding to an away sector Parker spiral) . The precipitation rate for Case 1 is 1.2 × 10 25 s
À1
, as listed in Table 1 .
In Case 2, there is still a high-flux, high-energy source of O + precipitation in the southern hemisphere, but there is additional high-flux, high-energy O + precipitation in the northern hemisphere near dawn and the dayside (~30°west,~30°north, and ≥~50°north, respectively). Case 2 represents the sheath phase of the ICME that is extremely turbulent, with high solar wind density, temperature, and bulk velocity as well as a rotation in the magnetic field (Figure 1) . These conditions create a scenario where the dayside ionosphere 
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CURRY ET AL. RESPONSE OF MARS PICKUP IONS TO AN ICMEis compressed and bombarded with an increased proton flux causing a dramatic increase in ion production. Consequently, there is a sharp increase in O + precipitation on the dayside and throughout the northern hemisphere. In fact, the dayside and northern hemisphere also have the highest-energy deposition, with the average particle energy exceeding 10 keV. This contributes directly to an increase in the precipitation rate almost an order of magnitude for Case 2 to 9.5 × 10 25 s À1 .
As the passage of the ICME progresses, MAVEN observed the ejecta phase, represented by Case 3. The solar wind velocity is extremely high at 780 km/s with an IMF of~20 nT, which is the highest magnetic field observed by the MAVEN mission to date. But during the ejecta phase, the solar wind density drops, which in turn lowers the ion production. Figure 2c reflects this with slightly lower O + fluxes compared to Case 2, but still enhanced in comparison to Case 1 before the ICME. The highest flux is mostly on the nightside, but the highest-energy particles appear to precipitate in the northern hemisphere again. The precipitation rate for Case 3 is still higher than the pre-ICME precipitation in Case 1 but has decreased to 3.2 × 10 25 s À1 .
This is an important result as it suggests that the heaviest O + precipitation is during the sheath phase of the ICME rather than the ejecta phase. Again, heavy ion precipitation is the primary driver of sputtering and Wang et al. [2014] calculated the sputtered escape rate of O for extreme cases, such as the sheath phase of the ICME simulated here, to be 1 × 10 26 s
À1
. The precipitation rate in the Wang et al.
[2014] study was 8.7 × 10 25 s
, and for reference, Case 2 had a precipitation rate of 9.5 × 10 25 s
.
With respect to the direct atmospheric loss at Mars, Figure 4 illustrates the O + particles escaping from a 4 R M shell around the planet. Case 1 exhibits the canonical tailward loss, which is in the low-energy range of 0-100 eV, and plume loss, which is in the high-energy range of ≥ 10 keV. The fin-like shape of the plume on the duskside (~60°west,~30-60°north) is a stream of ions being accelerated by the background convective electric field and is consistent with an away sector Parker spiral [Curry et al., 2014] . The O + escape rate is 3.7 × 10 24 s À1 (0.1 kg/s), showing good agreement with other modeling and observational studies during nominal solar wind conditions [e.g., Brain et al., 2010; Dubinin et al., 2011] .
The escape pattern for Case 2 during the sheath phase of the ICME is markedly different than Case 1, as seen in Figure 4 (middle column). While the high-flux, low-energy tail still appears, the plume has intensified in flux in the northern hemisphere while simultaneously exhibiting a new stream of O + escape across the dawn section of the northern and southern hemispheres (~60-120°east). This constitutes the highest-energy channel of escape at ≥ 30 keV. Using a different test particle model to simulate pickup ions, Rahmati et al. [2015] predicted O + in the 25-100 keV range for the 8 March 2015 ICME. Incidentally, solar energetic particles , log scale) for Cases 1-3 (left to right). (bottom row) Mollweide projections (MSO) of the average energy per particle flux (log scale, average eV/particle) for Cases 1-3 (left to right). 0°N/S, 0°E/W represents downtail, where 90°west is duskward and 90°east is dawnward.
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also observed 10-100 keV O + ions during the ICME as seen in Figure 1 . As with the precipitation rates, the simulated O + escape rate for the sheath phase of the ICME is over an order of magnitude higher than Case 1 at 4.1 × 10 25 s À1 (1.1 kg/s).
Finally, the O + escape during Case 3 shows a clear shift in the plume to the equatorial region. Indeed, Case 3 exemplifies why this high-energy population of escaping ions is not, in fact, a "polar plume" but rather a "high-energy plume" as it follows the convective electric field, E = ÀU × B. Since the IMF is typically draped in a Parker spiral configuration [Brain et al., 2006] , the plume is typically in the northern or southern polar region but a strong B XMSO or B ZMSO component can rotate the +E field, as seen in Case 3 where the high-flux, high-energy population of O + is in the duskward equatorial plane. The escape rate in Case 3 mirrors the trend seen in the precipitation rates where there is less escaping O + during the ejecta phase than the sheath phase, but the escape in Case 3 is still significantly higher than in Case 1. The O + escape rate for the ejecta phase of the ICME designated by Case 3 is 1.3 × 10 25 s À1 (0.4 kg/s).
Using MAVEN observations as inputs for simulating three phases of the 8 March ICME, we find that the sheath phase of the ICME drives the most significant heavy ion precipitation and escape. Figure 5 illustrates a comparison of the STATIC heavy ion spectra and the MTP O + spectra during the sheath phase of the ICME (Case 2). STATIC observed an enhancement of high-energy pickup ions in the 1-10 keV range, with peak fluxes of O + , O 2 + , and CO 2 + in the 10-25 keV range, which is the instrument's upper energy limit (STATIC data were masked from 1 keV to 5 keV in order to remove stragglers). The STATIC-and MTP-simulated spectra show strong agreement during the sheath phase, capturing the peak near 10 keV followed by a decrease and increase again in flux near 25 keV. This suggests that the sheath phase not only dominates the precipitation and escape rates but also enhances the high-energy, heavy ion flux. This has major implications for understanding how Mars' atmosphere responds to the passage of an ICME and how our Sun during an earlier, more active epochs of our solar system may have driven atmospheric escape via ion loss and sputtering.
Conclusion
We present the response of pickup ions to the 8 March ICME event using MAVEN data and a test particle simulation. We used the multispecies MHD model for the background fields of the MTP, which reproduced the major features of the ICME observed by MAVEN. Following, we applied the MTP to create global maps of O + precipitation and escape during three distinct cases that represent the Mars space environment over , log scale) for Cases 1-3 (left to right). (bottom row) Mollweide projections (MSO) of the average energy per particle flux (log scale, average eV/particle) for Cases 1-3 (left to right). 0°N/S, 0°E/W represents downtail, where 90°west is duskward and 90°east is dawnward.
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the passage of the ICME: (1) the pre-ICME phase, (2) the sheath phase, and (3) the ejecta phase. The pre-ICME phase, Case 1, was based on nominal solar wind conditions and was consistent with both observed and predicted precipitation and escape rates. The sheath phase, Case 2, had the highest solar wind velocity and density as observed by SWIA and consequently had the highest precipitation and escape rates. Additionally, the simulation of the sheath phase produced a high-energy plume as well as a beam of >30 keV ions, which were mirrored in corresponding STATIC observations. Finally, the ejecta phase, Case 3, had the highest observed magnitude field but lower solar wind density, which was manifested in a lower precipitation rate. The O + escape rate during the ejecta phase was also lower, but the map of the simulated escape showed a scenario where the plume was in the duskward equatorial plane, rather than the pole. The consistency of the escaping pickup ion observations with the models supports the future uses of the models for both global and historical extrapolations of ion escape from Mars. 
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